Introduction
The quantification of large undersea earthquakes, including their sizes, location, geometry and orientation of the faults, is critical for improving our understanding of fault mechanisms, and for applications in tsunami warning. As pointed out by Geist et al. (2007) , the centroid location and seismic moment are the most essential parameters (Meng et al., 2012; Tanioka and Satake, 1996) for tsunami forecast and hazard assessment models; while other first-order source parameters such as dip, fault length and width also affect the tsunami wave field (Geist et al., 2007) . Besides seismic data and GPS data, which are traditionally used for studying focal mechanisms, other data sets including the Interferometric * Corresponding author.
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Synthetic Aperture Radar (InSAR) data, tsunami data, and repeated airborne LiDAR data, have also been used. However, there are limitations for each type of data set on estimating the source parameters of undersea earthquakes.
Seismological methods have difficulty in estimating source parameters in some instances, e.g., seismic moment for ruptures with long duration due to the overlap of interfering arrivals (Chlieh et al., 2007; Lay et al., 2005) , and seismic wave data are also inadequate for detecting slow or aseismic slip and postseismic slip (Chlieh et al., 2007; Han et al., 2013) . One example for a long duration, slow rupture is the 2004 Sumatra-Andaman earthquake (Banerjee et al., 2005; Lay et al., 2005; Park et al., 2005) , which also had large magnitude of afterslip (Chlieh et al., 2007) . Lay et al. (2010) indicate that seismic inversions are sensitive to waveform types and the frequency band, which is shown by the fact that different slip models are obtained from seismic waves with http://dx.doi.org/10.1016/j.epsl.2016.03.025 0012-821X/© 2016 Elsevier B.V. All rights reserved. different frequency bands. In addition, since seismic inversions are highly dependent on the velocity structure, they have instabilities for shallow ruptures (Lay et al., 2011) .
Although geodetic measurements, such as GPS data, have the potential to overcome the inadequacy of seismological data in detecting slow/aseismic slip, they are limited by the spatial distribution of their ground-based sites. Particularly, for undersea earthquakes, although more ocean-bottom measurements are available, GPS stations are mostly located at one side of the fault area, thus providing limited constraints on source parameters (Chlieh et al., 2007; Lay et al., 2011; Wei et al., 2012) . For example, Chlieh et al. (2007) and Wei et al. (2012) showed that inland static GPS data are quite insensitive to shallow ruptures and resolutions of inverted slip models decrease rapidly away from the coast.
The twin-satellite Gravity Recovery And Climate Experiment (GRACE) mission (Tapley et al., 2004) has been producing temporal global gravity field observations with monthly sampling rate and a spatial resolution up to spherical harmonic degree 60. The GRACE data have revolutionized our understanding of Earth's mass redistribution, including terrestrial hydrologic water balance, ocean mass variations and sea level rise, and ice-sheet and glacier ablation, and their possible links with anthropogenic climate change. As one of such mass redistribution processes, earthquakes trigger crustal/mantle dilation or compression and surface uplift or subsidence, causing permanent change in Earth's gravity field. By surveying right above the rupture region over the ocean, although with a coarse spatial and temporal resolution, GRACE data have been demonstrated to have the feasibility to complement other data for detecting and constraining focal mechanisms of large undersea earthquakes, since GRACE data have a better spatial coverage as compared to GPS data, and have better capability to detect aseismic slip as compared to seismic data. Several large earthquakes have been detected in GRACE data and analyzed in contemporary studies, including the 2004 Sumatra-Andaman earthquake (e.g., Han et al., 2006; Wang et al., 2012c) , 2010 Maule, Chile earthquake (e.g., Han et al., 2010; Heki and Matsuo, 2010; Wang et al., 2012a) , and the 2011 Tohoku earthquake (e.g., Cambiotti and Sabadini, 2012; Dai et al., 2014; Han et al., 2011 Han et al., , 2013 Li and Shen, 2015; Matsuo and Heki, 2011; Wang et al., 2012b) . Moreover, GRACE has also shown its unique contribution to the detection of postseismic gravity signals (Han et al., 2014; Panet et al., 2010; Tanaka and Heki, 2014) .
Recent studies explored different data processing methods to better retrieve co-and postseismic gravity change signal from GRACE data. Wang et al. (2012c) showed a spatial resolution enhancement by using the inferred gravity gradient changes computed from GRACE temporal gravity field solutions, for the 2004 Sumatra-Andaman earthquake. To optimize the spatial and temporal resolution, Han et al. (2011) directly exploited the signal of the 2011 Tohoku earthquake in the change of inter-satellite Kband range (KBR) rate. Wang et al. (2012a Wang et al. ( , 2012b for the first time utilized the Slepian functions (Simons et al., 2006) to analyze GRACE-observed gravity changes aiming at the spatial resolution enhancement of the coseismic signals. The same techniques are also applied for the source parameters inversion by Cambiotti and Sabadini (2012) . Furthermore, an innovative approach of using only the north component of gravity change (Dai et al., 2014) , the corresponding gravity gradient change, e.g., Txx and Txz (x, z refers to north and up directions, respectively) change by Wang et al. (2012c) , Txz change by Li and Shen (2011) , are found to substantially avoid the correlated errors in the GRACE temporal gravity field solution, with no decorrelation nor spatial filtering needed, leading to improved spatial resolution at the full wavelength corresponding to the highest spherical harmonic degree of GRACE data.
The inversion for several source parameters, such as the seismic moment, dip angle and rake angle, based on normal mode formulation assuming point dislocation were demonstrated for the 2011 Tohoku earthquake (Han et al., 2011) . Wang et al. (2012a Wang et al. ( , 2012b adopted the Markov Chain Monte Carlo algorithm to invert for fault length and width of the 2010 Chilean Maule and the 2011 Tohoku earthquakes, based on a finite fault model assuming uniform slip. Cambiotti and Sabadini (2013) presented an estimation of all fault parameters (centroid location and moment tensor) for a point source using GRACE data. Han et al. (2013) solved for the seismic moment tensors of multiple centroids, but with locations fixed, based on the normal mode formulation for a number of large earthquakes over the last decade using GRACE data. Dai et al. (2014) further solved for the centroid location, seismic moment, fault width, and slip rake angle based on finite fault model using simulated annealing algorithm, and found that GRACE data are especially effective in constraining centroid location and slip orientation.
In this paper, the new approach of GRACE data processing using only the north component of gravity change and the corresponding gravity gradient change (Dai et al., 2014 ) is adopted to detect the coseismic signal for five recent large undersea earthquakes using several different GRACE products, including particularly the high degree (up to degree 96) CSR RL05 data. By using the linear algorithm of gravity and gravity gradient change with respect to the double-couple moment tensor, the point source parameters are estimated through a least squares adjustment combined with the simulated annealing algorithm. From the improved GRACE data processing method, the high degree (up to degree 96) data products, and the new inversion scheme, we solve for the point source parameters for the 2004 Sumatra-Andaman (M w 9.2) earthquake, the 2011 Tohoku (M w 9.0) earthquake, the 2010 Maule, Chile (M w 8.8) earthquake, the 2012 Indian Ocean (M w 8.6 and M w 8.2) earthquakes, and the 2007 Bengkulu (M w 8.5) earthquake. The results show the resolving power of GRACE data on slip orientation, and centroid location and depth.
Improved GRACE data processing
This work is based on the GRACE data processing method of using only the north component of gravity and gravity gradient changes developed in Dai et al. (2014) . To enhance spatial resolution, we further advance this approach by applying the localized spectral analysis as an efficient method to determine the practical spherical harmonic truncation degree from high degree L2 products. As an example, this localized spectral analysis suggests that only the degrees less than 70 from the high degree (up to 96) CSR L2 Release 05 (RL05) monthly geopotential solutions contain reliable seismic signal for the 2011 Tohoku earthquake as shown in the following paragraph.
The localized spectra analysis (Wieczorek and Simons, 2005 ) is used as an efficient method to justify the choice of practical truncation degree. Dai et al. (2014) show the application of this localized spectral analysis in the way of evaluating the signal and noise level of each component of gravity and gravity gradient as function of spherical harmonic degree. Here we compute the localized degree variance, and the results are shown in Fig. 1 . Where, the north, east, and down components of the gravity disturbance are denoted by g N , g E and g D , and the north components of gravity gradient disturbances are denoted by Txx, Txy and Txz (x, y, z, is north, west, up direction). The coseismic signal is estimated by fitting the GRACE-observed gravity and gravity gradient time series on a regular grid with a model composed of a Heaviside step function, a linear trend and three periodicities (equation A4, Fig. S1 ). We can see that the GRACE-observed g N change (Fig. 1a) agrees well with the model prediction up until around degree 70, with slightly larger amplitude; while, the degree variance for GRACEobserved g E and g D change (Fig. 1a) increases sharply starting . The GRACE-observed gravity and gravity gradient change is computed from the CSR RL05 NMAX 96 product up to maximum degree 96. The coseismic slip model by Wei et al. (2012) and the postseismic slip model for March 2011 by Ozawa et al. (2011) are used to calculate the model prediction using the forward modeling procedure in Dai et al. (2014) . from degrees at around 40, indicating that degrees higher than that are dominated by noise. This demonstrates that north component of gravity change contains reliable signal up to much higher degree than the east and down components of gravity change. Furthermore, as shown in Fig. 1a , the degree variance for g N change keeps in good agreement with the model prediction until around degree 70, but above degree 70, the GRACE data is much higher than the model prediction, which we interpret as noise. Based on this, we choose to discard the spherical harmonic coefficients above degree 70 and compute the gravity and gravity gradient change (Fig. 1b) only up to degree 70, which will lead to good signal-to-noise ratio (in spatial domain as well).
Based on the localized spectral analysis, GRACE-observed and model-predicted north component of gravity and gravity gradient changes are compared for degrees up to 70, which is by now the highest degree of coseismic signal achievable by GRACE. As shown in Fig. S2 , the spatial pattern of GRACE-derived gravity and gravity gradient change is evident and agrees well with the model prediction. For example, the GRACE-observed g N change reaches up to −24.0 ± 3.9 μGal at 140.2 • E 36.85 • N (Fig. S2a, Fig. S1b ), with the magnitude slightly greater than the model prediction, −18.5 μGal.
And the Txx change (Fig. S2b ) also has good consistency with the model prediction (Fig. S2f) .
Source parameters inversion method
For seismic source model inversion, instead of solving for the finite fault model as shown in previous studies (Cambiotti and Sabadini, 2012; Wang et al., 2012a Wang et al., , 2012b Dai et al., 2014) , here we choose to directly solve for the moment tensor of a point source as presented in (Han et al., 2011 (Han et al., , 2013 Cambiotti and Sabadini, 2013) . This simple point-source moment tensor is adopted to represent the source model mainly because of the linear relationship between the coseismic gravity and gravity gradient change and the double-couple moment tensor elements, as well as the lower sensitivity of GRACE to the extension of finite fault area (Cambiotti and Sabadini, 2012; Dai et al., 2014) . The seismic moment tensor can be straightforwardly resolved using least-squares adjustment (see details in supplementary materials). The simulated annealing algorithm (Kirkpatrick et al., 1983 ) is further used to solve for the centroid depth and location, because of the non-linear relationship between centroid location and coseismic gravity change.
Inversion for source parameters
GRACE data have already been shown to provide good constraint on seismic moment, centroid depth (Han et al., 2011 (Han et al., , 2013 , centroid location (Cambiotti and Sabadini, 2013; Dai et al., 2014) , and slip orientation (Dai et al., 2014) . The sensitivity study by comparing the residuals for the inverted source parameters at various depths (Fig. S3 ) further shows that GRACE data are able to detect the source depth. Here we present the inversion for all source parameters of a point source including the centroid location and depth together with its seismic moment tensor, using the improved-processed high-degree GRACE data products.
The 2004 Sumatra-Andaman and 2005 Nias earthquakes
The 26 December 2004 Sumatra-Andaman (M w 9.2) megathrust earthquake was the largest earthquake in the last 50 yrs, and it ruptured about 1500 km of the subduction zone along the IndiaBurma plate boundary. Three months later, the 28 March 2005 Nias (M w 8.6) earthquake ruptured about 300 km at the adjacent Australia-Sunda plate boundary. In this study, we evaluate the cumulative coseismic slip deformation for the two events from GRACE data, considering the short time difference between these two earthquakes. We first compare GRACE measurements with that predicted from the cumulative coseismic slip models (Chlieh et al., 2007; Konca et al., 2007) , then we solve for the fault parameters using GRACE-derived gravity and gravity gradient change.
For these two megathrust earthquakes, the gravity and gravity gradient change are estimated from the high degree monthly solutions (up to degree 90) of GFZ RL05a NMAX 90 product. CSR RL05 NMAX 96 product are also used to study the coseismic gravity change, but shows a worse model-data misfit compared to GFZ RL05a product. Two more large earthquakes occurred in Sumatra and its nearby region in the last decade, including the 2012 Indian Ocean earthquakes (M w 8.6 and M w 8.2), and the 2007 Bengkulu earthquake (M w 8.5). Considering the overlap of the fault area, three coseismic jumps at 26 December 2004, 11 April 2012, and 12 September 2007 are estimated jointly using three Heaviside step functions corresponding to these three earthquakes and a linear trend and three periodicities to fit the GRACE-observed gravity and gravity gradient time series ( sider the jump as the cumulative signal for the two earthquakes three months apart, since the number of data after the two events greatly outweighs the three months of data from January to March 2005.
The localized spectra analysis is carried out for GRACE-observed and model-predicted gravity and gravity gradient change (Fig. 2) . We can see that the GRACE-observed g N change agrees well with the model prediction up until around degree 70, although the amplitude is slightly larger than the model prediction. Similarly, for the gravity gradient change, GRACE-observed value is larger than the model prediction but has good agreement until around degree 65. Above degree 65, the GRACE data is much higher than the model prediction, which we interpret as noise. Using the new application of this localized spectra analysis to justify the choice of practical truncation degree, and based on additional comparison in spatial domain, we choose to discard the spherical harmonic coefficients above degree 65.
Hence, GFZ RL05a solutions are truncated to degree 65 to retrieve g N , Txx, Txy and Txz time series. As shown in Fig. S1a , the earthquakes cause the g N significantly decreasing by about 34 ± 1.4 μGal, which is by far the highest coseismic signal achievable by innovative GRACE data processing. The overall positive-negativepositive pattern for the GRACE-derived g N change (Fig. 3a) over the Aceh region and surrounding ocean is consistent with the slip model prediction (Fig. 3e) . The maximum g N change (−34 ± 1.4 μGal) is almost twice of the model prediction at the same point, −19.4 μGal. GRACE-derived g N change is larger than the model prediction mainly due to the small shear modulus value (30 GPa) applied in our forward model prediction, which underestimates the moment by about half. Coinciding with g N change, the GRACE-derived gravity gradient change ( Fig. 3b-d) , Txx, Txy, Txz also matches well with the model prediction.
For our source parameters inversion, we adopt the same earth structure model (Chlieh et al., 2007) as the one used for the forward model prediction (Fig. 3) to reduce the bias caused by structural differences. The GRACE-estimated location (red star in Fig. 4 ) is remarkably close to the GCMT solution (black star, http :/ /www.globalcmt .org/). It is west of the USGS CMT (http://comcat.cr.usgs.gov/earthquakes/eventpage/ official20041226005853450_30#scientific_summary, green beach ball), and south of the cumulative coseismic slip models (blue beach ball) (Chlieh et al., 2007; Konca et al., 2007) . Poisson et al. (2011) demonstrated that the best model that reproduces the tsunami data among five published slip models is the slip model of Rhie et al. (2007) , which has the peak slip at south of Nicobar Island, close to our centroid location.
Our estimated centroid depth (9.1 km) is much shallower than the depth (28.6 km) resolved using seismic data (GCMT and USGS CMT) and the depth (28.3 km) from geodetic data (Chlieh et al., 2007; Konca et al., 2007) . The underestimation of slip at the updip direction and overestimation of slip at downdip direction (closer to measurements) from the checkerboard test (Chlieh et al., 2007) , might explain the deeper centroid by geodetic data compared to our solution by GRACE data. In addition, the shallow sediments near trench are thought to accommodate relative plate motions aseismically . Hence, the afterslip, which releases about 35% of the coseismic moment (Chlieh et al., 2007) , might occur at the shallow region, contributing toward a shallower centroid depth. Finally, the GRACE-solved location is closer to the trench (Fig. 4 bottom) , which indicates a shallow source.
Our estimated centroid moment tensor, with a total moment Nias earthquake. Dip angle is another important source parameter since the estimation of moment has a strong dependence on dip (Banerjee et al., 2005; Rhie et al., 2007; Han et al., 2011 Han et al., , 2013 for shallow thrust earthquakes. The sensitivity test by Rhie et al. (2007) shows the dip angle is not well resolved using the longperiod teleseismic data and near-field GPS displacements. Our estimated dip angle, δ, is 32 • (Table S1 ), larger than the mean value (14 • ) of cumulative coseismic slip models by Chlieh et al. (2007) and Konca et al. (2007) . Based on the plate boundary geometry (Fig. 4 profile AA'), it seems that the GRACE-estimated dip angle is also larger than the slope angle of the subducting slab. One possible cause for our smaller seismic moment and larger dip angle might be the trade-off between these two parameters for shallow thrust earthquakes (Han et al., 2013) , where the trade-off is revealed by their large correlation of 0.4 (Table S6, equation A2 ). This trade-off implies that the M 0 sin(2δ) is better constrained than each of M 0 and dip individually (Han et al., 2011) . As shown in the moment-dip comparison (Fig. S7) , the GRACE-estimated solution is consistent with the cumulative slip model in terms of M 0 sin(2δ). Our slip azimuth (Dai et al., 2014) is about 8 • clockwise of the GCMT and USGS CMT solution, and 8 • anticlockwise of the cumulative slip distribution models by Chlieh et al. (2007) and Konca et al. (2007) . The correlation (Table S6 ) between strike and rake angle is strong, up to about one, which is consistent with the trade-off between these two angles as discussed in Han et al. (2011 Han et al. ( , 2013 and Dai et al. (2014) , indicating that the slip azimuth is better constrained from GRACE data compared to the strike and rake angle individually for the small-dip thrust earthquakes. For these mega thrust earthquakes, although a single point source is only a simple approximation for the long rupture, it provides the critical prior information (the location, dip angle, strike angle) for the slip dis- Fig. 4 . Comparison of centroid moment tensor solutions. In top panel, the blue slip contours are for the cumulative slip distribution models (red 2D image) (Chlieh et al., 2007; Konca et al., 2007) on the fault plane. The red image along the IndiaBurma plate boundary is for the slip model by Chlieh et al. (2007) for the 2004 Sumatra-Andaman earthquake, and the red 2D map along the Australia-Sunda plate boundary is for the slip model (Konca et al., 2007) of the 2005 Nias earthquake. The blue beach ball represents the centroid location and moment tensor estimated from the cumulative slip distribution models, where the centroid moment tensor is computed using the summation of every moment tensor at each patch on the fault plane, and the centroid location and depth is computed using the weighted average of every patch's location, with the moment on each fault patch as the weight. The GCMT solution is denoted as the black beach ball, with location at the black star. Green beach ball represents USGS CMT solution and location. Red beach ball is CMT solution from GRACE GFZ RL05a data, with the location at the red star (94.20 • E, 3.00 • N, 9.1 km). The thick black line is the plate boundary (Bird, 2003) , with black triangular representing the subduction zone. The green lines indicate the depth contours of the subducting slab at 20-km intervals from Slab1.0 model (Hayes et al., 2012) (http :/ /earthquake .usgs .gov /data /slab/). The bottom two panels give the vertical profiles of the subducting slab and the crustal structure for profiles AA' and BB' as marked in the top panel. The crustal structure is interpolated from the CRUST 1.0 model (http :/ /igppweb .ucsd .edu /~gabi /rem .html). The green curve denotes the subducting slab. Black lines are the interfaces between different layers, where the red layer with P-wave velocity of around 8 km/s denotes the mantle. The red, blue, and black arrows denote the centroids locations and dip angles for these red, blue, and black beach balls in the left panel, respectively, i.e., the red arrow is for GRACE solution (9 km depth, 32 • dip), the blue arrow is for the cumulative slip distribution models (28 km depth, 14 • dip), and the black arrow is for the GCMT solution (29 km depth, 8 • dip). The GRACE-estimated depth is consistent with the shallow subducting slab near the Trench. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) tribution model inversion when using near-field GPS displacements or seismic data. In future studies, we will investigate the potential modeling error caused by using one single point source for the case of a long rupture.
The 2011 Tohoku earthquake
For the 11 March 2011 Tohoku earthquake (M w 9.0), the GRACE-derived north component of gravity and gravity gradient (Wei et al., 2012; Ozawa et al., 2011) , with contours represented by the blue lines and CMT denoted by the blue beach ball. Red beach ball is CMT solution from GRACE data (CSR RL05 NMAX 96 product), located at 142.2 • E, 37.65 • N, with depth as 16 km. The right three panels give the vertical profiles of the subducting slab and the crustal structure for the profiles MM', BB', and AA', as shown in the left panel. The green curves in BB' and AA' denote the subducting slab. The MM' profile denotes the velocity structure at the Japan Trench deduced from a seismic experiment (Miura et al., 2005) , showing details of the subducting slab, demonstrating consistent characteristics with the slab along the profile BB' from Slab1.0. Black lines are the interfaces between different layers, where the red layer with P-wave velocity of around 8 km/s denotes the mantle. The red, blue, and black arrows denote the centroid location and dip angles given by GRACE data (16 km depth, 12 • dip), by the slip distribution model (18 km, 10 • dip), and that by the GCMT solution (20 km depth, 10 • dip). Other markings are the same as in Fig. 4 . The GRACE-estimated dip angle (12 • ) (red arrow in AA') agrees well with the dip angle of the subducting slab. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Table 1 The correlation between parameters. change up to degree 70 from CSR RL05 NMAX 96 product as presented in Section 2 are used to solve for the centroid moment tensor of the earthquake source. The estimated centroid location and source parameters from this high degree L2 product are basically consistent with the finite fault parameters inverted using GRACE CSR RL05 NMAX 60 product (Dai et al., 2014) . The location is at 142.2 • E, 37.65 • N (red beach ball in Fig. 5 ), which is only 13 km away from the centroid location determined by Dai et al. (2014) . The consistency of the two solutions demonstrates the coherence of the two GRACE products, as well as the coherence of the finite fault modeling and the centroid moment tensor modeling. As discussed by Dai et al. (2014) , the GRACE-estimated centroid location is almost parallel in latitude with the GCMT centroid, and it is close to the centroid latitude from GRACE data by Cambiotti and Sabadini (2013) . As regards to its distance to the coast, GRACEestimated centroid is between the location estimated by GPS data only (Ozawa et al., 2011) and the location (blue beach ball) estimated by the combined seismic waves data and on-land/offshore GPS data (Wei et al., 2012) . The GRACE-estimated depth (16 km) indicates a shallow rupture, and agrees well with the centroid depth (18 km) by combined seismic data and GPS data (Wei et al., 2012) , as well as the centroid depth (17 km) constrained by GRACE KBR data (Han et al., 2011) and that (16 km) by differently processed GRACE L2 data (Cambiotti and Sabadini, 2013) .
The GRACE-estimated seismic moment, (4.03 ±0.01) ×10
22 Nm, is slightly smaller than the published results (Han et al., 2011; Ozawa et al., 2011; Wei et al., 2012) . The GRACE-estimated dip angle (12 ± 0.1 • ) agrees well with the published results, with difference less than 2 • , especially agrees well with the dip angle of the subducting slab (Fig. 5 right) . Although the strike (236 ± 0.5 • ) and rake angles (113 ± 0.5 • ) are about 30 • larger than those inverted from the finite fault model (Dai et al., 2014 ) that fixed the strike angle at 201 • , considering the strong correlation between the strike and rake angle (Table 1 left), our slip azimuth (123 • ) is almost the same with the slip azimuth (124 • ) in Dai et al. (2014) . This slip azimuth is consistent with the earlier conclusion that the GRACE-inverted slip direction is about 10 • clockwise from that inverted by GPS and seismic waves data (Wei et al., 2012) , but it is only about 3 • clockwise from the USGS CMT slip direction. Furthermore, this clockwise rotation of the slip direction is validated by another satellite gravity gradiometry measurements -Gravity field and steady-state Ocean Circulation Explorer (GOCE) (Fuchs et al., 2013) . One explanation for the clockwise 10 • difference in the slip azimuth is that the observed onshore deformation by the GPS network is more sensitive to the deep fault slip close to coast but less sensitive to the shallow slip near the trench, while the GRACEobserved gravity data are most sensitive to the largest offshore shallow slip near the trench. Based on finite-fault inversions (Wang et al., 2013) , there is an indication to a variable rake angle increasing with depth. Therefore the average slip azimuth angle estimated by GPS can be smaller than that by GRACE.
The 2010 Maule, Chile earthquake
The 27 February 2010 Maule, Chile (M w 8.8) earthquake ruptured about 500 km along Nazca-South American plate boundary, with the Nazca oceanic crust subducting under the continent of the South American plate to the east direction. For the coseismic gravity change detection, although g N change from GRACE contains reliable signal up to much higher degree than g D change, the magnitude of coseismic g N change can be smaller compared to g D change depending on fault parameters. For example, for this east-west slip earthquake, the model-predicted g N change is only about 40% of the g D change up to degree 60. Nevertheless, GRACEobserved g N change still shows its advantage on coseismic signal detection for this 2010 Maule, Chile earthquake as shown later.
The coseismic gravity and gravity gradient change up to degree 60 are retrieved using monthly solutions from CSR RL05 product. For the forward model prediction, we start from the USGS finite fault model by Hayes (2010) , shown in red overlapped on top of the local topography/bathymetry in Fig. 7 . The GRACE-observed g N , Txx, Txy, Txz change agrees with the model prediction with slightly larger magnitude in both spectral domain and spatial domain up to degree 60. For the GRACE-derived g N change, the quadruple spatial pattern is consistent with the model prediction. The peak g N change is 10.6 ± 1.3 μGal at 69.4 • W 32.45 • S as shown in Fig. S1c and Fig. 6a , slightly larger than the predicted value, 7.2 μGal. Even for this adverse case of east-west slip, the GRACE-derived g N change still has slightly larger magnitude than the peak g D change of −8.0 μGal from GRACE data (Wang et al., 2012a) , due to the smoothing filter applied for g D to reduce stripes. The north component of gravity gradient change (Fig. 6b-d ) also match well with the model prediction, with peak value of Txz as −0.75 ± 0.11 mE, slightly larger than its model prediction, −0.51 mE.
GRACE-solved centroid location (73.4 • W, 35.2 • S, red star in Fig. 7 ) using CSR RL05 product is northwest of the centroid solved by other data sets (Hayes, 2010; Vigny et al., 2011) . For example, it is about 40 km north and 50 km west of the centroid location (blue beach ball) by Hayes (2010) from broadband seismic waves, and it is about 20 km west and 80 km north of the GCMT centroid (black beach ball). To check the uncertainty on solved source parameters caused by different GRACE L2 data processing, another two L2 products, the latest JPL RL05.1 and GFZ RL05a data products, are also used for the inversion. Both products are truncated at degree 50 to reduce the noise at high degrees. We can see that the GRACE-solved CMT locations by CSR RL05 and JPL RL05.1 products are almost identical to each other, which can be explained by the fact that the two data products are solved using similar background models and data processing strategies. While the GFZ RL05a product produce a location about 50 km north and 50 km east of that by the CSR RL05 product. The discrepancy on the locations by three data products may, to a certain extent, represent the uncertainty of the centroid location inverted from GRACE data. Nevertheless, for this earthquake, GFZ RL05a data product shows a relatively higher noise level on the gravity and gravity gradient change (figures not shown), which is also shown by its larger RMS (Root Mean Square) data-model differences (e.g. 1.0 μGal for g N ) as compared to the value (0.93 μGal for g N ) by the JPL RL05.1 product, where the model is the GRACE-inverted CMT solution using each data product.
GRACE-estimated depth (20.7 km) by the three L2 data products are the same (Table S2) , which indicates its small uncertainty. This GRACE-estimated depth is consistent with the published depths from geodetic data (Vigny et al., 2011; Pollitz et al., 2011) , which show major slip locates at the shallow depth (<25 km). It is also close to the depth from seismic waves data by GCMT. The shallow slip given by GRACE and GPS data is in consistency with the generation of a strong tsunami and the numerous aftershocks near the trench.
GRACE-resolved seismic moment, (2.17-2.6) ×10
22 Nm, is close to the M 0 , 2.39 × 10 22 Nm, by Hayes (2010) . But it's slightly larger than the M 0 , (1.55-1.97) × 10 22 Nm, in Pollitz et al. (2011), and Vigny et al. (2011) , as well as that by GCMT and USGS CMT. Nevertheless, GRACE-resolved dip angle (25-26 • ) is about 8 • larger than the average value (18 • ) of dip angle by seismic waves and that by geodetic data (Pollitz et al., 2011) . It has been long known that there is a trade-off between seismic moment and dip angle for shallow thrust earthquakes (rake ≈90 • ) (Han et al., 2013) . For this earthquake with rake angle (99 • ) close to 90 • , this trade-off might play a role in the larger GRACE-inverted dip angle, where the coupling is also revealed by their large correlation of 0.6 (Table 1 middle). Moreover, the GRACE-estimated moment and dip are in accordance with the solution by Hayes (2010) in terms of M 0 sin(2δ) (Fig. S7) . The azimuth of slip direction from CSR RL05 and JPL RL05.1 products is close to that in Hayes (2010) and that by USGS CMT, while the slip azimuth from GFZ RL05a is about 10 • different. As a trial, we also solve for the CMT parameters with location and depth fixed at the GCMT solution. By fixing the centroid location, the estimated slip azimuth is 13 • anticlockwise of that in Hayes (2010) , leading to a worse relative difference (equation A3), 59.5%, compared to the 53.9% from the SA inversion. This test shows that an inaccurate presumed location may affect the solution for the CMT parameters.
The 2012 Indian Ocean earthquakes
The 11 April 2012 Indian Ocean (M w 8.6 and M w 8.2) earthquakes ruptured within the Indian Oceanic plate near the IndiaAustralia plate boundary off the west coast of northern Sumatra. The mainshock of M w 8.6 is the largest strike-slip earthquake on record (Delescluse et al., 2012; Meng et al., 2012; Yue et al., 2012) , and the aftershock occurred just two hours later with the magnitude of M w 8.2. Because of its remote offshore location, the geodetic constraints on the static fault geometry are limited (Meng et al., 2012) ; thus only seismological data are used to invert for the focal mechanisms. Hence, GRACE data become an important source of independent constraint on the coseismic static deformation. Although the gravity change for vertical strikeslip earthquakes is expected to be small, we show that the coseismic gravity change from GRACE is still considerable, up to −5.7 ± 0.7 μGal for g N (Fig. S1d) and 0.26 ± 0.03 mE for Txz.
Three products are used to estimate the coseismic gravity and gravity gradient change, including the OSU product generated by Shang et al. (2015) using the improved energy integral approach Shang et al., 2015) , the CSR RL05 NMAX 60 product and the GFZ RL05a NMAX 90 product. All solutions are truncated to degree 40 based on the localized spectral analysis and the signal's spatial pattern. The RMS of the difference between the GRACE-estimated g N , Txx, Txy, Txz and the model prediction are evaluated as shown in Table S3 . It shows that GFZ RL05a gives the largest RMS difference, while the CSR RL05 and OSU product produce comparable and small RMS difference. Here, we choose to show the results from the CSR RL05 product.
Guided by the localized spectral comparison, we use only the north component of gravity and gravity gradient change up to degree 40 to study the coseismic signal. As shown in Fig. S4a , the GRACE-derived g N change and gravity gradient change agree well with the cumulative slip model predictions in spatial pattern and signal magnitude. The peak g N change is at 88.4 • E, 3.45 • N about −5.7 ± 0.7 μGal (Fig. S4a) , slightly larger to the model prediction at the same location, −3.7 μGal.
As discussed above, three products are all carried out to solve for the source parameters (Table S4 ) with centroid location fixed at GCMT solution. The CMT parameters agree amazingly well within these three products, especially for strike angle. The rake angle also has the small variation of only 1-2 • , while a slightly larger divergence for moment and dip angle are shown with the smaller value given by OSU product. The solved M 0 (10.13 × 10 21 Nm) from CSR RL05 product, the cumulative moment for both the mainshock and the aftershock, is close to the other published values. The M 0 is slightly smaller than the cumulative M 0 by GCMT solu- Yue et al. (2012) . Our dip angle is also consistent with the dip angle given by other solutions, just about 4-5 • smaller. As shown in Table 1 right, the correlation between dip and moment is about zero for this vertical strike-slip source, indicating the independence of the estimated dip angle and moment. The rupture process of these intraplate earthquakes over the diffuse deformation zone is very complicated, and it raises speculations on whether it is dominated by east-west right-lateral slips (Meng et al., 2012; Yadav et al., 2013; Yue et al., 2012) or meridian-aligned left-lateral slips (Delescluse et al., 2012; Shao et al., 2012) . Numerous preliminary results characterize the fault as a meridian-aligned left-lateral strike-slip (Shao et al., 2012) . Nevertheless, the back projection source imaging from seismic data shows that the rupture of faults is dominated by east-west rightlateral slip (Meng et al., 2012; Yue et al., 2012) . The east-west right-lateral slip model is further validated by the consistency with the remote GPS displacements (Yadav et al., 2013) . Coherent with the fault plane by Yue et al. (2012) , the GRACE-solved CMT also co- Yue et al. (2012) for mainshock and GCMT solution for aftershock, with its CMT located at the blue star and represented by the blue beach ball. Red beach ball is CMT solution from GRACE CSR RL05 data, fixed at the GCMT location (black star). Other markings are the same as in Fig. 4 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
incides with an east-west right-lateral strike slip with strike angle as 292 • . The reason why the strike angle by GRACE and GCMT solution is about 180 • larger than that by Yue et al. (2012) and USGS CMT solution is that, for this nearly vertical strike-slip source, the dip direction is almost vertical and it is slightly tilted toward north for the former solutions and toward south for the latter as shown in Fig. 8 . Taking into consideration of this 180 • difference, GRACEsolved slip direction is amazingly consistent with the slip azimuth by other data, only 1-2 • different from the GCMT and USGS CMT solutions and 5 • different from the cumulative model. For this vertical strike-slip earthquakes, the correlation (Table 1 right) between strike and rake angle is significantly reduced.
The 2007 Bengkulu earthquake
The 12 September 2007 Bengkulu (M w 8.5) earthquake occurred off the west coast of Bengkulu, Indonesia (Konca et al., 2008; Gusman et al., 2010) . It ruptured the plate interface at the Sumatra subduction zone where the Australia plate subducts beneath the Sunda plate, with the strike angle parallel to the Sunda trench. The relatively small seismic moment of this event renders it to be one of the 'small' earthquakes detectable by GRACE data (Tanaka et al., 2015) . Same as for the 2012 Indian Ocean earthquakes, to crosscheck the reliability of the coseismic signal, three products for GRACE data are used to estimate the gravity and gravity gradient change corresponding to this 2007 Bengkulu earthquake. All solutions are truncated to degree 40 based on the localized spectral analysis (Fig. S5) , as well as additional comparison in spatial domain. The RMS values of the model-data misfit for g N , Txx, Txy, Txz show that OSU product seems to give the lowest noise level with the smallest RMS misfit, while GFZ RL05a product gives the worst model-data misfit. Considering the comparison of the residual RMS as well as the comparison in spatial domain, we choose to present the gravity and gravity gradient change from OSU GRACE data product.
The localized degree variance (Fig. S5) shows that the difference between the GRACE-observed and model-predicted (Konca et al., 2008 ) g N change is large for both the low degree part and high degree part, which indicates the GRACE noise level is relatively high for this comparatively small earthquake. The GRACE-derived Txx, Txy, Txz changes agree with the model predictions for degree below 50 but with larger magnitude. With additional comparison in spatial domain by different maximum truncation degree, we choose to use the spherical harmonic coefficients below 40 to solve for fault mechanisms. As shown in Fig. 9 , the spatial pattern of the GRACE-derived north component of gravity and gravity gradient change still has good consistency with the model prediction. Nevertheless, the surrounding noise is relatively high for this small earthquake. For example, for the g N change (Fig. 9a) , there is an abnormal positive signal west coast of North Sumatra, which is absent in the model prediction (Fig. 9e) . Similarly, over the same region, there is uncategorized negative signal for Txz (Fig. 9d) change. Due to this large surrounding noise, it is not suggested to solve for the source location since the noise can be mistakenly treated as a signal and produce wrong source parameters.
All three products are used for the inversion of centroid moment tensor by fixing the centroid location at the GCMT solution. We can see that the divergence for three angles from the three products is large (Table S5 ), e.g. the difference is up to 11 • for strike angle, 10 • for dip angle, and 36 • for rake angle. This larger variation for the solved source parameters, compared to the case for the 2012 Indian Ocean earthquakes, indicates again that the noise level from GRACE data is relatively high for this magnitude M w 8.5 earthquake. Hence the large variation should be considered when interpret the GRACE-inverted source angles. Nevertheless, the self-consistency for the seismic moment is good from these three products of GRACE data.
For the seismic moment, GRACE-inverted M 0 from all three products is overall smaller than that from GCMT solution (6.71 × 10 21 Nm) and that (4.47 × 10 21 Nm) in Konca et al. (2008) , with GFZ RL05a producing the closest M 0 (4.16 × 10 21 Nm) to that in Konca et al. (2008) . The GRACE-solved dip angle is overall larger than the published values, and the dip angle is 18 • by CSR RL05 product with the least discrepancy. During the three products, the OSU product produces the closest strike and rake angles with other results, e.g. rake angle (108 • ) is in-between the value given by GCMT and Konca et al. (2008) and it's only 2 • larger than the rake angle by the joint inversion using tsunami waveforms and InSAR data in Gusman et al. (2010) ; but the strike angle is about 20 • smaller causing the at least 16 • smaller slip azimuth. On the other hand, the slip azimuth from CSR RL05 and GFZ RL05a is consistent with the slip azimuth by GCMT and Konca et al. (2008) , but the individual strike and rake angle are about 20-30 • smaller.
Conclusions
Advanced GRACE data processing procedure is developed in this paper using localized spectral analysis and using the north component of gravity and its corresponding gravity gradient changes. By establishing the observation model for north component of gravity and gravity gradient change as a linear function of the doublecouple moment tensor, the point source parameters are resolved through the least-squares adjustment combined with the simulated annealing algorithm. The GRACE-inverted source parameters generally agree well with the slip models estimated using other data sets, including seismic, GPS, and their combination. While, their differences illustrate the additional and critical offshore constraint from GRACE data for improved estimates of source parameters, as compared to GPS/seismic data. For the 2004 SumatraAndaman and 2005 Nias earthquakes, GRACE data infer a shallower centroid depth (9.1 km), which may be explained by the closer-to-trench centroid and by the aseismic slip over the shallow region. For the 2011 Tohoku earthquake, GRACE-estimated centroid location and slip azimuth from two different GRACE data products and two different forward modeling are consistent with each other, demonstrating the coherence of the CSR RL05 NMAX 60 and CSR RL05 NMAX 96 products, as well as the coherence of the finite fault modeling and the point-source moment tensor modeling. The slip direction from GRACE data shows a clockwise rotation compared to the slip direction by GPS and seismic waves data, which is also observed by GOCE measurements (Fuchs et al., 2013) . The GRACE-estimated dip directions are steeper than those from GPS/seismic data, about 18 Sumatra-Andaman earthquake and the 2010 Maule, Chile earthquake might be explained by the trade-off between the seismic moment and dip angle, as also indicated by their high correlations. For future studies, the question of how systematic errors from GRACE data and the errors in the forward modeling affect the inverted source parameters needs to be further investigated.
